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密度、重金属离子、温度、盐度、CO2 浓度导致的水体 pH 下降对波纹巴非蛤早期
发育阶段的影响，为其早期发育的研究及苗种的培育提供数据参考。同时采集了泰
国（TH）、菲律宾（PH）、福建云霄（YX）、海南儋州（HN）、广西北海（BH）的
5 个波纹巴非蛤群体，基于形态学、线粒体 COI 基因、微卫星 DNA 的分析对遗传
多样性进行研究和评价，为其种质资源保护及管理提供理论依据。主要结果如下： 
1、在水温 28.5 ℃，盐度 30 条件下，受精卵直径 58.49±2.16 μm，经约 8 h 孵






生长情况差异明显，幼体发育以金藻浓度为 3×104 cell/ml 时最佳。早期发育的适宜
水温为 24-30℃，最适生长水温为 27-30 ℃。早期发育的适宜盐度为 27-33 ，最适
盐度为 30 ，孵化率均在 80%以上，浮游幼体生长快速。相比于对照组海水，CO2
浓度超过 2000 ppm（pH7.60）开始对胚胎发育造成不利影响，3000 ppm（pH7.50）
时有超过 80%个体畸形。浮游幼体的生长在 800 ppm（pH7.90）和 1500 ppm（pH7.70）
















通过 SEM 观察贝壳表面及内部结构发现，2000 ppm 组的个体贝壳壳面开始发生的
变化，纹理较为模糊，总体致密度下降，贝壳内部结构疏松，EDS 能谱分析显示
壳边缘与壳顶部的 Ca 质量百分比随 CO2 浓度增加呈下降趋势。 
3、采集自 PH、TH、YX、HN、BH 的各群体除 TH 壳色为特别的黄绿色其余
各群体外表面及内部形态差异较小，对 5 个形态比例参数的分析显示各群体间差异
显著，聚类结果表明 YX 与 HN、BH 三个国内群体聚成一支，PH 与 TH 合成一支，
主成分分析建立 2 个主成分，其贡献率分别为 38.114%、29.221%。构建了 5 个群
体的判别函数，判别准确率 P1 为 54.0-80.0%，5 群体的综合判别率为 65.0%。 
4、基于 COI 基因对波纹巴非蛤 5 个地理群体遗传多样性分析得出：154 个个
体共存在 104 个单倍型，单倍型多态性较高；基于线粒体 COI 基因片段序列中性
检验和核酸不配对分析显示群体扩张约在 73.5 万年前，有可能在约 16.0 万年前发
生过第二次小型的扩张。根据 AMOVA 分析的结果显示群体存在显著的遗传结构，
群体间基因流估计值均较大，群体间存在显著的遗传分化（P<0.05）。群体间遗传




5、基于微卫星 DNA 对 5 个群体的遗传多样性分析：在 8 个微卫星位点进行
扩增，平均等位基因数为 7.5-12.25，平均有效等位基因数为为 3.17-3.59，平均观
察杂合度为 0.9628-0.9862，平均期望杂合度为 0.6702-0.706，多态信息含量为 
0.9743-2.3696，说明各群体遗传多样性较高。群体间的 Fst 除 YX 与 BH 外均达到
差异显著，表现出各群体间明显的遗传分化。AMOVA 分析表明，10.21%的变异来
源于群体间，而基因流的估测结果揭示了各群体间基因交流广泛存在，并以 YX 与






















Paphia undulata is an important economic bivalve, commonly known as "oil clam" 
in the southeast coast of China. The oil clam’s meat with high nutrition is very delicious. 
As its fast growth, less disease occuring and high economic returns, it has become an 
excellent mariculture species. But with wanton harvesting, wildlife resources are rapidly 
depleted. In recent years the process of artificial breeding begins, but it has never been 
able to achieve substantial breakthroughs. The seed still supply limitedly. It's indeed 
necessary to study on early development stages. During our survey about P. undulata 
resource, we found that the seed market was mixed by several breeding areas along the 
coast and seed frequent exchanges cross regions, which may have an adverse effect on 
its germplasm and its genetic diversity need to be evaluated. 
In this thesis, combined with optical microscope scanning electron microscope, the 
embryonic development was observed with photographs showing the entire process of 
embryonic development and real-time monitoring of the growth and development of 
planktonic larva. Studies including bait density, heavy metal ions, temperature, salinity 
and pH decline caused by CO2 concentrations on early development stages were 
conducted. These would provide data for seed cultivation. Meanwhile five geographical 
groups were collected including Thailand (TH), Philippines (PH), Yunxiao Fujian (YX), 
Danzhou Hainan (HN), and Beihai (BH). Based on morphology, mitochondrial COI 
gene, micro- satellite DNA, the genetic diversity of P. undulate was researched and 
evaluated as to provide a theoretical basis for its germplasm resources protection and 
management. The main findings were as follows: 
1, under condition of 28.5 ℃, salinity 30, The fertilized egg diameter was 58.49 ± 
2.16 μm, It came to be trochophore larvae after about 8 h of incubation, D-shaped larvae 
after 13 h of metamorphosis , metamorphosis after 11 d when shell length was about 220 
μm. The shell length and shell height showed a stable linear relationship during 
















no noticeable pause, the curve of shell length growth close to be a straight line.  
2, 4 kinds of heavy metal ions (Cu, Zn, Cd, Pb) inhibited significantly on the 
embryonic development stages, with outcomes of embryonic malformations increasing 
and hatching rate declining. The order of toxicity was Cu> Zn> Cd> Pb, the EC50 
values were 83.29, 184.32, 230.00, 239.04 ppb.Under 4 different feeding density of 
Isochrysis galbana, larval growth differenciation was significant. The larval 
development was best with algae concentration of 3×10
4
 cell/ml. The suitable water 
temperature for early development stages was between 24-30 ℃, the optimum was 
27-30 ℃. The suitable water salinity for early development stages was 27-33, the 
optimum was 30, resulting above 80% hatching rate. Compared to the control seawater , 
CO2 concentrations exceeding 2000 ppm (pH7.60) began to have an adverse effect on 
embryonic development, the deformity rate exceed 80 % as the result of 3000 ppm 
(pH7.50). 800 ppm (pH7.90) and 1500 ppm (pH7.70) showed a promoting effect on 
planktonic larvae growth, while high CO2 concentrations (> 2000 ppm, pH7.60) were 
not conducive. SEM observation was used to observe shell surface and internal 
structure. The results showed that a change was occurring in 2000 ppm water of more 
blurred texture, the overall decreasing in density, the shell loosing of the internal 
structure, EDS analysis showed a decreasing of the relative quality percentage of Ca 
from shell umbo to edge with the increasing of CO2 concentration. 
3, the external and internal morphology of five populations collected from PH, TH, 
YX, HN, BH were studied. TH shell color was yellow-green which was distinct from 
others. Base on the morphological traits, five populations showed significant differences. 
Clustering results among groups displayed that YX and HN, BH clustered into one 
groups, PH and TH joined. Principal component analysis established two main 
components; the contribution rate was 38.114%, 29.221% respectively. Discriminant 
function was constructed in five populations with P1 discriminant accuracy of 54.0- 
80.0%, discriminant accuracy was 65.0% for all individuals. 
4, Population genetic diversity analysis of 5 populations based on mitochondrial 
















Tahima’s D, Fu’s Fs statistic and mismatch distribution parameter estimates showed that 
there might have expansion events before 735000 years, there may be a second small 
expansion took place about 160000 years ago. AMOVA analysis showed that, there was 
a significant genetic structure; the estimate mean of gene flow between populations was 
large, significant genetic differentiations exsited between five populations (p < 0.05). 
The UPGMA tree was constructed, two main branches formed significantly, with XY as 
a single group and the remaining four groups together as one. This probably caused by 
the reasons as follows: the P.undulata lack long distance movement ability, but its larvae 
had a planktonic phase which lasts 2-3 days to spread over ocean current, and the 
clockwise circulation in summer in Beibu Gulf might play an important role. And the 
unique formation of YX might be subjected to the geographical barrier. 
5, genetic diversity analysis of five populations based on microsatellite DNA was 
conducted: at 8 microsatellite loci, average allele number was 7.5-12.25, average 
effective number of alleles was 3.17-3.59, average observed heterozygosity was 
0.9628-0.9862, average expected heterozygosity was 0.6702-0.706, polymorphic 
information content was 0.9743-2.3696. All the data indicate that genetic diversity of 
these populations was high. Fst between groups showed significant genetic 
differentiation in addition to YX and BH. The results of AMOVA revealed that the 
10.21% variations from inter-population and that gene flow estimation results revealed 
that widespread gene exchange among different populations exist, and the maximum 
value came from YX and BH. UPGMA tree was constructed according to genetic 
distance, separating the five populations into two groups, one of three domestic 
populations and another of other two foreign populations.The main causes might come 
from the artificial exchanging, while the research populations of samples numbers and 
number of micro-satellite may not big enough, could not reflect the actual situation of 
whole populations. 
 
Key words: Paphia undulate; early development stages; embryo; larvae; genetic 
















第一章  引言 











较为相似（图 1.1），国内学者对两者是否归为同一种仍然存在分歧[1, 2]，而 2012
年，徐晓东等通过形态学特征结合线粒体细胞色素 C 氧化酶亚基 I（COI）和核糖
体小亚基基因（rrnS）的分析，得到波纹巴非蛤具有与生长纹相斜交的波纹这一区
别于织锦巴非蛤的独特特征，且结合在 COI 和 rrnS 序列上的差异性说明两者是更
倾向于由一个较近缘的共同祖先进化而来的姊妹种[3]。2013 年，程汉良等基于线粒


















图 1.1 波纹巴非蛤和织锦巴非蛤的表面观对比 
Fig. 1.1 The appearance comparison between Paphia undulata and Paphia 
textile 
注：a 为织锦巴非蛤；b 为波纹巴非蛤 




图 1.2 波纹巴非蛤 
































波纹巴非蛤是浅海底栖型贝类，多生活于大潮时水深 0.5-3.5 m 的潮下带底部软












































个周期，繁殖期在 5 月中旬至 10 月，属于多次成熟排卵类型。全年具有两个繁殖
高峰：第一个在 5 月下旬，第二个在 10 月上旬，而以第一个高峰的亲贝性腺饱满
度大，怀卵量也比第二个高峰大，排卵次数多，为该种的主要繁殖季节。5 月下旬
开始有产卵现象，性细胞陆续成熟，分期分批排放，排精放卵 2-3 次，每期间隔约
15 天。这一时期可以一直延伸至 10 月中、下旬。但明显的排放高峰为两次：分别
是 5 月和 10 月。进入 11 月份，生殖活动基本结束，此时大部分个体肉质部消瘦，
性腺萎缩退化，处于休止期，一直到次年 3 月份，性腺才重新恢复。 
不同地理群体的波纹巴非蛤生殖季节稍有不同[9]，主要与不同海区的海水温度
差异密切相关。繁殖期的温度：处于两个繁殖高峰时，福建云霄礁美海区表层水温
分别为 20.6-26.6 ℃和 27.0-20.9 ℃，而在间歇期的 8 月，月平均水温为 31.2 ℃，休
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